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Abstract This work proposes a modified activated
carbon support, with defects and heteroatoms (N,P-ACs)
by nitrogen and phosphorus doping to load non-noble
nickel to catalyze aromatic compound hydrogenation. The
Ni/N,P-ACs-900 (prepared at 900 °C) showed promising
catalytic activity in liquid-phase 1,5-dinitronaphthalene
hydrogenation with a 1,5-diaminonaphthalene yield of
95.8% under the mild condition of 100 °C, which is
comparable to the commercial Pd/C catalyst. The nitrogen
species were burned off at 900 °C, causing more defects for
nickel metal loading, facilitating the interaction between
the supports and the nickel metal, and resulting in highly
dispersed metal particles. The computational study of the
nickel binding energy has been conducted using density
functional theory. It exhibits that the defects formed by
heteroatom doping are beneficial to nickel anchoring and
deposition to form highly uniform nickel particles. The
phosphorus species in combination with the defects are
suitable for H, adsorption and dissociation. These results
reveal that the heteroatomic doping on the active carbon
shows significant effects in the hydrogenation of the
liquid-phase aromatic compounds. These findings could
provide a promising route for the rational design of
aromatic compound hydrogenation catalysts to signifi-
cantly decrease the cost by instead using noble metal
catalysts in the industry.
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1 Introduction

Polycyclic aromatic amines (PAAs) are a kind of very
important organic chemical, which have great economic
value and are in great demand in industrial application [1].
Among them, 1,5-diaminonaphthalene has the highest
value for producing 1,5-naphthalene diisocyanate (NDI),
which is an important precursor in the synthesis of superior
polyurethane. NDI polyurethane exhibits excellent physi-
cal properties due to the symmetry, regularity, and rigidity
of the NDI molecules. It can also be applied in high
temperature, high grease, and high mechanical wear
conditions in the automotive, textile, machinery, petro-
leum, military, and printing industries [2,3]. In the industry
process, catalytic hydrogenation is one of the most
commonly used methods for the production of 1,5-
diaminonaphthalene. The wide application of the noble
metal catalysts, such as Pt/C and Pd/C, results in the high
cost of the amines production. Therefore, non-noble metal
catalysts have obtained an increasing amount of attention
in the hydrogenation processes [4,5], and the cheap
activated carbon is usually chosen to be the support
material for its large surface area and price. However, the
catalyst prepared directly from the activated carbon loaded
non-noble metal catalysts always shows low catalytic
activity.

Recently, heteroatomic doping has been considered as a
feasible approach to tune the physical and chemical
properties of carbon materials. It could also significantly
improve the interaction between the support and the metal
particles [6]. The heteroatom (N, P, B, O, and S) doping on
the activated carbon can significantly improve the
performance of activated carbon as a catalytic solid
support [7-9]. It has been widely applied in gas adsorption
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[10,11], oxygen reduction reaction [12,13], catalytic
reaction [14-16], fuel cells [17,18], and electrochemical
supercapacitors [19,20]. Among many dopant attempts
within carbon materials, nitrogen has attracted significant
attention. The nitrogen atom has been demonstrated as an
electron-donating group to increase the electron density
and adjust the physical and chemical properties of carbon
materials [21,22]. Additionally, it could also facilitate
catalytic performance by enhancing the adsorption of
active metal elements, improving the dispersion, and
affecting the valence of the active metal [23—-26]. However,
the nitrogen species is easily lost as the treatment
temperature increases [27,28]. Phosphorus has similar
properties as nitrogen for containing the same valance
electrons. Furthermore, phosphorus presents stronger
n-type behavior and electron-donating ability than nitro-
gen. The co-doping of nitrogen and phosphorus in the
structure of carbon materials is promising to tune the
chemical and physical properties of the carbon material,
possibly resulting in better metal deposition condition and
catalytic activity [29,30].

Herein, a commercially inexpensive coconut shell
activated carbon is selected to co-dope with nitrogen and
phosphorus by using 1-butyl-3-methylimidazolium dihy-
drogen phosphate (IL) as the dopant. The treated
temperatures have also been investigated. These prepared
nitrogen-phosphorus co-doped activated carbons (N,P-
ACs) were employed as the support for preparing the non-
noble nickel based hydrogenation catalyst. It shows that it
could obtain highly-dispersed nickel particles as the treated
temperature reached 900 °C. These catalysts showed
attractive catalytic activity in the liquid phase hydrogena-
tion of 1,5-dinitronaphthalene. The N,P-ACs pretreated at
900 °C loaded nickel catalyst (Ni/N,P-AC-900) performed
decent activity and selectivity in the synthesis of 1,5-
diaminonaphthalene. The density functional theory (DFT)
calculation of the nickel binding energy has also been
studied. It exhibited that co-doping nitrogen and phos-
phorus show a synergistic effect in this liquid-phase
aromatic compound hydrogenation reaction. The present
results are very encouraging and show the strong
possibility of replacing noble catalysts by non-noble nickel
catalysts in the aromatic hydrogenation industry to reduce
the usage of rare precious metals and reduce catalytic cost.

2 Experimental
2.1 Materials

The activated carbon of a coconut shell was bought from
Fujian Xinsen Carbon Co. Ltd., China. 1,5-dinitronaphtha-
lene (97 wt-%) was supplied by Shanghai Jingchun
Reagent Co. Ltd. Nickel nitrate (Ni(NOj3),-6H,0) was
obtained from Shanghai Aibi Chemistry Reagent Co. Ltd.
Commercial 5% Pd/C was bought from Shanghai Macklin
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Biochemical Co. Ltd. 1-butyl-3-methylimidazolium dihy-
drogen phosphate was purchased from Shanghai Cheng Jie
Chemical Co. Ltd. 1,5-diaminonaphthalene (97 wt-%) was
purchased from Alfa Aesar-A Johnson Matthey Company.
All the other reagents were of analytical grade.

2.2 Catalyst preparation

The N,P-ACs were synthesized by an impregnation and
subsequent annealing treatment, in which the coconut shell
activated carbon was used as the carbon source, and IL was
used as the nitrogen and phosphorus source. Specifically,
the coconut shell activated carbon was added into an IL
solution and then constantly stirred at 30 °C for 10 h. The
impregnation solution was dried at 100 °C for 10 h and
labeled as N,P-AC. Then, the activated carbon precursors
were calcined in a tubular furnace under a nitrogen
atmosphere at the targeted temperature for 2 h, in which the
rate of heating was 3 °C-min' and the nitrogen flow rate
was 50 mL-min', to obtain the N,P-AC supports. The
active carbon pretreated by dopant were marked as N,P-
AC-T (T'=2800 °C and 900 °C), where T is the temperature
of the above-mentioned calcination temperatures.

The N,P-AC-supported nickel catalysts (Ni/N,P-AC)
were also prepared by facile impregnation method.
The above doped activated carbon was immersed in
0.1 mol-L™ nickel nitrate (Ni(NOs),-6H,0) solution,
stirred at 30 °C for several hours, and then dried at 100 °C
overnight. Afterwards, it was calcined at 400 °C in a
tubular furnace under nitrogen for 4 h and subsequently
reduced for another 2 h at the same temperature in a
hydrogen atmosphere. Finally, the Ni/N,P-AC were
obtained and marked as Ni/N,P-AC-T (7 = 800 °C and
900 °C). The nickel loading of the catalysts was 20 wt-%.
The 20% Ni/AC where the carbon support without
heteroatomic doping was also prepared with the same
preparation method for comparison.

2.3 Characterizations of catalysts

N, adsorption-desorption was measured at a liquid
nitrogen temperature (—77 K) by using the NOVA-2200e
physical adsorption instrument. The specific surface area
and pore size of the samples were correspondingly
calculated by the Brunauer-Emmett-Teller (BET), Bar-
rett-Joyner-Halenda, and Horvath-Kawazoe methods. The
surface elemental composition and element valence
distribution were detected by X-ray photoelectron spectro-
scopy (XPS) on a Kratos Axis Ultra DLD spectrometer
with Al Ko X-ray as the excitation source. Transmission
electron microscopy (TEM) was measured on a TecnaiG2
20 ST microscope at 200 kV to observe the morphologies
and detailed microstructure of Ni/NP-AC. Raman spectro-
scopy was employed to characterize the extent of disorder
in the carbon materials and was obtained on a Lab RAM
Aramis Micro-Raman spectrometer with an excitation
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wavelength of 532 nm with 2 Im spot size. X-ray
diffraction (XRD) measurements were conducted on a
Japan RigakuD/Max 2550VB™* 18 kW diffractometer (Cu
Ka radiation) in the range of 2° to 90° at a scanning rate of
10°-min"' and operated at 40 mA and 40 kV. The H,
uptake quantity, metallic surface area, and metal disper-
sions were obtained by hydrogen chemisorption using a
ChemBET-3000 Adsorption instrument.

2.4 Catalytic procedure

The hydrogenation of 1,5-dinitronaphthalene was carried
out in a 50 mL Teflon-lined stainless steel autoclave
equipped with a pressure gauge and a magnetic stirrer.
Firstly, 2.0 g 1,5-dinitronbaphthale, 20 mL solvent N, N-
dimethylformamide, and 0.1 g catalyst were introduced
into the reactor. Then, the reactor was purged several times
with N, to remove air, and then purged several times with
H, to remove N,. The reaction was subsequently run at the
targeted temperature and pressure. After reaction, the
reactor was depressured, and the catalyst was isolated from
the reaction solution by filtering and the substances in the
filtrate were identified by liquid chromatograph mass
spectrometer. Furthermore, the conversion of 1,5-dinitron-
baphthale and the product yields were determined by high-
performance liquid chromatography.

2.5 Computational methodology

The graphene mode without any defect was introduced for
simulating the original carbon support to carry out the
theoretical calculation and investigate the influence of the
defects on the nickel metal anchoring. All molecular
modes were fully optimized using a DFT method. These
modes are optimized using the dMol> module in the
Material Studio package, using the generalized gradient
approximation in the Perdew-Burke-Ernzerhof parameter-
ization. The double numerical augmented with d-functions
was chosen as the basis set. The convergence in energy,
max force, and displacement were set 2 x 10~ Ha (1 Ha=
27.2114€V),0.004 Ha-A™', and 0.005 A, respectively. The
k-point grids of 2 x 2 x 1 were employed for structure
optimization.

The binding energy Ey;,q (Ni,) can be used to evaluate
the stability of isolated Ni, (n = 2—6) cluster per metallic
atom, which is defined as follows [31,32]:

Ebind(Nin) = [I’l X E(Nl)fE(Nln)]/n’ (1)

where E(Ni,) and E(Ni) are the total energies of an isolated
and a single Ni atom, respectively; and » is the number of
Ni atoms in the Ni, cluster. The larger Eping (Ni,,) is, the
more stable the isolated Ni, (n = 2-6) cluster will be.
Similarly, the binding energy of the Ni, cluster on the
surface of the support Ey,;,q(Ni,/Support) per metallic atom
is given by the following equation:
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Eyina(Ni,, /Support) = [n x E(Ni)] + E(Support)

—E(Ni, /Support)]/n, )

where E(Ni,/Support) is the total energy of the supported
Ni,, cluster, E(Support) is the total energy of the support.
FEpina (Ni,/Support) reflects the stability of the Ni, cluster
supported on the catalysts. The supports investigated in the
present work include graphene, graphene with defects after
removing nitrogen species, and nitrogen-doped graphene
(graphite N, pyridine N, and pyrrolic N) for comparation.

Finally, the H, adsorption energy on the Ni supported
graphene with or without phosphorus has also been
calculated to demonstrate the function of phosphorus
doping. The adsorption energy of H,, which is denoted by
E.qs (Hy), is defined as follows.

EadS(HZ) = E(Nl + Support) + E(H2)

—E(H,/Ni + Support), 3)

where E(H,/Ni + Support) is the total energy of H, on the
Ni catalysts, and £(Ni + Support) is the total energy of the
Ni catalysts mode with or without P.

3 Results and discussions
3.1 N,P-AC supports and Ni/N,P-AC characterization

The textural properties of the N,P-AC supports co-doped
by nitrogen and phosphorus at different temperatures are
shown in Table S1 (cf. Electronic Supplementary Material,
ESM). As can be seen, the heteroatomic doping of N,P-AC
materials possesses highly specific surface area similar to
the original active carbon. Furthermore, as the calcination
temperature increases, the specific surface area becomes
larger and the pore volume slightly increases [8]. The
element and the valence distributions of nitrogen and
phosphorus on the N,P-AC supports are shown in Fig. S1
(cf. ESM). The peaks assigned to the N and P elements
appeared after tuning the activated carbon with heteroa-
toms, indicating that IL enabled the nitrogen and
phosphorus to successfully dope onto the activated carbon.
Furthermore, with the increase of calcination temperatures
to 900 °C, the peak of element N disappeared and the
content of P decreased slightly. These results exhibit that
the different element contents could be adjusted by
changing the pre-treatment temperature, and the phos-
phorus element is more stable than nitrogen as the dopant
in the active carbon materials.

Figure 1 shows the Nl1s and P2p XPS spectra of the
support samples. It can be seen that the different nitrogen
species could be detected between 396.0 and 406.0 eV in
N,P-AC-800. The deconvolution of the Nls spectra
exhibits four nitrogen species located at the binding
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Fig. 1 (A) N Is and (B) P 2p XPS spectra of the N,P-ACs-T: (a) N,P-AC-800 and (b) N,P-AC-900.

energies of 398.5, 399.5, 400.9 and 404.3 eV, which are
assigned to pyridinic-N, pyrrolic-N, graphitic-N, and
oxidized-N, respectively [22,33,34]. With the treatment
temperature from 800 °C to 900 °C, the atomic content of
nitrogen in the N,P-ACs decreased from 1.49% to trace
(Table 1). Interestingly, the doped phosphorus species were
more stable than the nitrogen species. The different
phosphorus species could be detected between 128.0 and
140.0 eV, and the phosphorus peaks varied considerably
with the different temperatures. Among them, peaks
around 130-132 eV are correlated with the low oxidation
state of phosphorus while 132.5-137 eV are associated
with the high oxidation state of phosphorus [35,36]. It can
be seen from Table 1 that the low oxidation state of
phosphorus accounted for 11.7% on the activated carbon
doped at 800 °C. With the increase of temperature, the low
oxidation state disappeared and the high oxidation state of
phosphorus appeared, accounting for about 33.9%. For N,
P-AC-800, it possessed five ranges of binding energy
peaks, of which the 131.2 eV peak is attributed to Ph;P in
the low oxidation state, the peak of 132.4 eV belongs to
Ph;PO, the peak of 133.3 eV is assigned to (PhO);PO, the
peak of 134.4 eV is correlated with a phosphate or
phosphonic acid, and the peak value of more than 135 eV is
linked to P,Os [22]. Moreover, the oxidation state of
phosphorus broadens for N,P-AC-900. The two binding
energy peaks of phosphorus in the higher oxidation state
appear at 136.1 and 137.1 eV. According to the literatures,

Table 1 Nitrogen and phosphorus content and the composition on the N,P-ACs prepared at different temperatures *

phosphorus in a highly-oxidized state easily loses electrons
and transfers them to surrounding atoms, which is
beneficial for promoting the dissociation of hydrogen
[34,35,37]. From the XPS analysis results, it can be seen
that the nitrogen can be mostly removed by tuning the
treatment temperature and the phosphorus doping could
result in abundant oxidation states of phosphorus species.
The content of phosphorus and the distribution of its
oxidation state could also be altered by employing
different treatment temperatures.

Further structural information about the obtained N,P-
ACs can be observed from Raman spectra. As shown in
Fig. 2(A), two typical characteristic bands were clearly
detected, in which the G band (~1596 ¢cm™) indicates the
in-plane vibration of aromatic carbon atoms, while the D
band (~1340 cm™) arose from defects on the graphitic
lattice of the disordered sp*-hybridized carbon. Generally,
the ratio of the D band and G band (Ip/li) is applied to
illustrate the disorder degree of carbon materials [38].
Obviously, the Ip/lg value of N,P-ACs is greater than
pristine AC (Ip/lg = 1.16), suggesting the presence of
many defects in N,P-ACs after heteroatom doping. In
addition, with a higher pyrolysis temperature, a higher I/
I ratio of N,P-ACs is obtained, which may result from
more defects by the elimination of nitrogen and phos-
phorus dopants in the carbon matrix as the temperature
increases. Meanwhile, the increasing defects of the carbon
material may enhance the anchoring for nickel metal by

)

Phosphate/ High oxidated
Sample NAW%  Nol%  Npyl% Nof% NOJ% PIAG% PhPi% PhsPO/% (PhO)PO/%  phosphoric  PiOs/% el O

acid/% ¢
NPACSB00 149 346 265 200 189 168 117 249 240 181 213 =
N.P-AC-900 - - - - - 1.47 - 9.1 16.9 233 16.8 33.9

a) Np: pyridine-N, Npy,: pyrrolic-N, Nq: graphitic-N, NO,: N-oxides
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Fig. 2 (A) Raman spectra of (a) AC, (b) N,P-AC-800, (c) N,P-AC-900, and (d) Ni/N,P-AC-900; (B) XRD spectra of the catalysts (a) Ni/AC,

(b) Ni/N,P-AC-900, and (c) Ni/N,P-AC-800.

improving the binding capacity of nickel metal and the N,
P-ACs, leading to the even dispersion of nickel metal
particles on the surface of catalysts [39]. After loading Ni
on the catalysts, the supported Ni-based catalysts exhibit
relatively lower Ip/Ig values than N,P-AC-900, which may
be attributable to the nanoparticles preferring to anchor on
the structural defect sites on the surface of N,P-AC-900
during the loading process [40].

Figure 2(B) shows the XRD patterns of Ni/N,P-AC. It
can be seen that all of the samples have a broad diffraction
peak around 26 = 20°-30°, which belongs to the typical
carbon structure. The diffraction peaks at 26=44°, 52° and
77° are attributed to crystalline nickel [41]. After doping
with IL, the spectra of Ni/N,P-AC-800 and Ni/N,P-AC-
900 showed better purity than the undoped activated
carbon-supported nickel catalyst.

Figure 3 shows the comparison of the TEM diagrams
between Ni/N,P-ACs and Ni/AC. It can be observed that
most of the nickel particles loaded on the surface of the
undoped activated carbon were seriously aggregated,
though it contained a higher percentage of small nickel
particles, and the non-uniform particle size of nickel
particles were distributed in 8-35 nm. After the heteroa-
tomic doping in the activate carbon support, the nickel
particles became larger and more uniform, which may due
to the defects formed on the supports by heteroatomic
doping. The existence of defects provides more anchoring
sites for the nickel to load and grow, which could decrease
aggregation and improve the dispersion of nickel particles.
Compared with Ni/N,P-AC-800, the Ni/N,P-AC-900
catalyst shows good dispersion and larger uniform nickel
particle size concentrated in the range of 18-20 nm. This
may be related to the Raman results that the N,P-AC-900
support shows a larger defect degree than the N,P-AC-800,
and the defect size might become larger after removing the

nitrogen species with the higher treatment temperature.

As can be seen from the above characterization, the
carbon surface properties can be greatly changed after it
was co-doped by nitrogen and phosphorous, resulting in
more anchoring sites for the loading of metal particles.
After the nitrogen species were removed under a treatment
temperature of 900 °C, the support could obtain more
defects for nickel loading and enhance the binding capacity
between the N,P-AC supports and the nickel metal,
improving the stability of the nickel nanoparticles and
allowing them to be more uniformly dispersed on the
support. Hydrogen chemisorption was conducted to
quantify the hydrogen uptake and the metallic surface
area. The results are shown in Table S2 (cf. ESM). The Ni/
N-AC-900, Ni/P-AC-900, and Ni/N,P-AC-T showed better
hydrogen uptake, metal surface area, and metal dispersion
compared with the undoped Ni/AC, Ni/N-AC-900.
Particularly, the Ni/N,P-AC-900 exhibited a maximum
hydrogen uptake of 157.09 puL-g™', a metallic surface area
of 0.55 m*-g', and a metal dispersion of 0.33%, which
might facilitate the catalytic activity in the hydrogenation
of aromatic nitro compounds.

3.2 Catalytic performance

As can be seen from Table 2, the target product is 1,5-
diaminonaphthalene in the 1,5-dinitronaphthalene hydro-
genation reaction. Other products, such as the intermediate
of 5-nitro-1-naphthalenamine and hydrazonaphthylamine,
were also detected [4]. Compared with the other Ni-based
catalysts, Ni/N,P-AC-900 exhibited decent activity and
presented 96.8% conversion of 1,5-dinitronaphthalene
when the reaction time was 50 min. However, 91.5%
selectivity to the intermediate 5-nitro-1-naphthalenamine
was obtained compared to 7.5% selectivity to the target
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1,5-diaminonaphthalene. The intermediate product 5-nitro-
1-naphthalenamine could be completely converted with
95.8% selectivity to 1,5-diaminonaphthalene as the reac-
tion time was prolonged to 150 min under the catalysis of
Ni/N,P-AC-900, which is comparable to commercial Pd/C
(95.9% selectivity under 50 min). For the original Ni/AC,
most of the intermediate product of 5-nitro-1-naphthale-
namine cannot be converted for the lower activity of the
catalysts even though the reaction time was extended to
300 min. Additionally, Ni/N,P-AC-800 presented better
activity than the Ni/AC, as the support was tuned by
heteroatoms. The above catalytic performance results
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TEM pictures of the (a) Ni/AC, (b) Ni/N,P-AC-800, and (c) Ni/N,P-AC-900.

demonstrate that the heteroatomic doping on the active
carbon could significantly enhance the catalytic properties
in the liquid hydrogenation of 1,5-dinitronaphthalene. To
explore the function of co-doped N and P, the control
experiments catalyzed by Ni/N-AC-900 and Ni/P-AC-900
under the same experimental conditions were investigated.
Compared with Ni/N,P-AC-900, the catalytic activities of
both of the single doped catalysts were much lower. In fact,
even the reaction time was 300 min, and a large quantity of
intermediate 5-nitro-1-naphthalenamine could not be
converted to the target product. The results also show
that Ni/P-AC-900 exhibited better activity than the Ni/N-
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Table 2 The catalytic performances of different samples in the liquid-phase hydrogenation of 1,5-dinitronaphthalene 2

Catalysts Time/min Conv./% Select /%
5-Nitro-1-naphthalenamine 1,5-Diaminonaphthalene Others

Ni/AC 300 100 82.4 16.2 1.4

150 86.0 94.9 43 0.8
N,P-AC-900 300 - - - -
Ni/N-AC-900 300 100 80.4 15.9 3.7
Ni/P-AC-900 300 100 35.2 61.8 3.0
Ni/N,P-AC-800 300 100 383 59.2 2.5

150 99.5 88.8 9.6 1.9
Ni/N,P-AC-900 150 100 — 95.8 42

50 96.8 91.5 7.5 1.0
5% Pd/C 50 100 - 95.9 4.1

a) Reaction conditions: 1,5-dinitronaphthalene, 2 g; DMF, 20 mL; Catalyst, 0.1 g; Temperature, 100 °C; H, pressure, 0.6 MPa; Ni loading content, 20%.

AC-900 under the same reaction conditions. The above
catalytic performance verified that the co-doped heteroa-
toms on the active carbon could significantly enhance the
catalytic properties. The characterization results simulta-
neously corroborated that the heteroatoms tuning on the
active carbon can enhance the defects amounts, which will
further increase after removing nitrogen species by a
higher temperature treatment at 900 °C. These defects may
provide good anchoring sites for nickel atom deposition by
strong interactions between the heteroatom or defects and
the nickel atoms. The Ni/N,P-AC-900 — with larger and
extremely uniform nickel particles — exhibited the max-
imum hydrogen uptake, metallic surface area, and metal
dispersion, allowing it remain steady in the liquid
hydrogenation of 1,5-dinitronaphthalene to produce 1,5-
diaminonaphthalene. The results obtained in this work are
relatively better than the results in previous literatures
(Table S3, cf. ESM). The recycling stability of the Ni/N,P-
AC-900 has also been investigated and the results are
shown in Fig. S2 (cf. ESM). It can be seen that the catalytic
performance could be relatively stable in running five
cycles, and the catalytic activity of the catalyst gradually
decreased, which may due to the active metal leaching on
the catalysts. Prolonging the reaction time could enhance
the conversion and selectivity to the target product. The
XRD and TEM of Ni/N,P-AC-900 after recycling were
investigated and are presented in Fig. S3 (cf. ESM). It
indicates that the crystallization of the nickel metal
decreased and the particle size of nickel nanoparticles
could be maintained around 18-20 nm after being recycled
6 times.

3.3 DFT results

The simplest carbon material graphene was chosen as the
model of carbon support to calculate the nickel binding
energy on the surface to simulate the deposition and
growth of nickel atoms on the different tuned surfaces of

carbon materials. For simulating the growth behavior of
nickel atoms, the modes of Ni,, clusters (n = 2—6) were first
constructed and then the binding energy was calculated, as
shown in Fig. S4 (cf. ESM). The binding energy FEy;,q (Ni,,)
can be used to evaluate the stability of the isolated Ni,, (n =
1-6) cluster per metallic atom. After geometry optimiza-
tion, the binding energies of the Ni,, clusters and the total
energy are shown in Table S4 (cf. ESM). The results
indicate that the stability of the nickel atom clusters
gradually increase with the increasing number of nickel
atoms [31].

For comparing the binding energy of Ni particles on the
different modified carbon supports, the original carbon
support (without heteroatomic doping and defect), doped
carbon support with nitrogen species (graphite N, pyridine
N, and pyrrolic N), and carbon support with defect but
without nitrogen species were constructed and geometri-
cally optimized (Fig. S5, cf. ESM). The optimal nickel
binding configurations on different supports were pre-
judged by the comparison of three different binding sites of
nickel on top, bridge, and hollow (Fig. S6, cf. ESM). After
the geometry optimization, Ey;,q (Ni/Support) was calcu-
lated by Eq. (2) and the results reflect the stability of the Ni
atom supported on the surfaces of different catalysts. The
total energy and Ey,;,q (Ni/Support) results are presented in
Table 3. It can be seen that the binding energy of Ni on the
original carbon without heteroatoms or defects is lowest
(~1.68 eV), while tuning the carbon support via nitrogen
heteroatom doping can enhance the binding energy.
Among the different nitrogen species, the binding energies
between Ni and pyridine N- or pyrrolic N-doped carbon
support (~5.70 eV) are much higher than the one binded on
the graphite N-doped carbon support (~2.03 eV), which
might due to the defects along with the doping of the
former two nitrogen species. After pretreatment at 900 °C,
the nitrogen species were removed and more defects were
left during the Ni/N,P-AC-900 preparation. Thus, the
binding energy of Ni on two kinds of defects (the 12-ring
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Table 3 The binding energies of Ni on the different modes of modified

carbon supports

Ni on different support modes Total E/eV Eping (N1)/eV
Original carbon support —74203.2212 1.685837824
Graphite-N carbon —74654.7350 2.033443912
Pyridine-N carbon —73617.5047 5.704832528
Pyrrolic-N carbon —73617.5049 5.704233864
Carbon with 12r-defect —73164.0703 6.603644888
Carbon with 14r-defect —72127.2686 6.872472236
2Ni on Carbon with 14r-defect —113168.2959 5.025827819
3Ni on Carbon with 14r-defect —154208.7550 4.220880532
4Ni on Carbon with 14r-defect —195250.2349 4.073607147
5Ni on Carbon with 14r-defect —236291.2345 3.889190199
6Ni on Carbon with 14r-defect —277307.2994 —0.389540234

Table 4 The adsorption energies of H, on Ni loaded on the different

carbon supports

Different modes Total E/eV E.qs (Hy)/eV

H, ~31.57349582 -

Ni on carbon support without P doping (1) —72127.20158 -
—81413.59703 -
—72159.25703  0.48195717
—81445.92856  (.75803652

Ni on carbon support with P doping (2)
H, adsorption on (1)
H, adsorption on (2)

defect and 14-ring defect) was also investigated. It
indicates that the binding energy can further be improved
to about 6.60 eV for the 12-ring defect and 6.87 eV for the
14-ring defect after nitrogen elimination, which explains
how the carbon support with larger quantities of defects
provides more anchoring sites for the nickel particle to
deposit and grow into uniform particles with perfect
dispersion.

To simulate the growth of the nickel clusters on the
carbon support with defects, the Ni,, (n = 1-6) clusters were
loaded on the mode of carbon support with the 14-ring
defect (Fig. S7, cf. ESM). The binding energies between
the Ni, cluster and carbon support were also calculated
using Eq. (2). The results are also shown in Table 3. It can
be observed that the binding energies gradually decrease
with the increasing number of nickel atoms. Compared
with the binding energies of the Ni, clusters shown in
Table S4, it can be inferred that the defects on the carbon
support potentially inhibited the aggregation of the nickel
particles and the particle sizes may relate to the defect sizes
on the carbon support.

The function of phosphorus atom doping was investi-
gated by calculating the H, adsorption energies E,qs (H)
on the carbon with defect-loaded Ni with or without
phosphorus doping [42]. Two kinds of H, adsorption
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configurations (Top and Parallel) were compared, and the
optimized adsorption modes are shown in Fig. S8 (cf.
ESM). The results of E.4s (H;) on the different Ni-loaded
carbon materials are exhibited in Table 4. It can be seen
that the adsorption energy of H, on the support with
phosphorus doping is much larger than the one without
phosphorus, demonstrating that H, can be more easily
adsorbed and dissociated on the Ni load carbon support
with phosphorus doping.

4 Conclusions

Nitrogen and phosphorus co-doped activated carbon (N,P-
AC) was prepared under different temperatures, and used
as the support for loading non-noble nickel metal to
catalyze the hydrogenation reaction of aromatic com-
pounds. The characterization results show that the nitrogen
species were removed when the N,P-ACs were pretreated
under 900 °C, and its supported nickel catalyst (Ni/N,P-
AC-900) exhibited larger hydrogen uptake and highly-
dispersed nickel metal. It also indicated that the nitrogen
elimination could obtain more defects, which are favorable
for the nickel metal anchoring on the supports. These
results indicate that the heteroatomic doping on the
activated carbon shows a positive effect in this liquid-
phase aromatic compound hydrogenation reaction, pre-
senting inspiring catalytic activity and selectivity. Among
them, the N,P-ACs prepared under 900 °C-supported
nickel (Ni/N,P-AC-900) showed extremely high catalytic
activity and selectivity, with the yield of 1,5-diamino-
naphthalene reaching 95.8% under 100 °C and 150 min. It
exhibited relatively stable catalytic performance during the
reaction. The computational study of the nickel binding
energy was also conducted. It demonstrated that the defects
formed by heteroatomic doping are beneficial to nickel
anchoring and deposition to form highly dispersed and
uniform nickel particles. The phosphorus species in
combination with the defects are good for H, adsorption
and dissociation. These findings could provide a promising
route for the potential design of the aromatic compound
hydrogenation catalysts to significantly decrease the cost
from using noble metal catalysts in the industry.
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